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The aim of our study was to evaluate the utility of interrupter resistance (Rint),
transcutaneous oximetry and auscultation as outcome measures for a recently suggested
tripling-dose methacholine (Mch) challenge in pre-school children.
We studied 57 children aged 3–6 years. Rint was measured at baseline and after each Mch
dose. Oxygen saturation (SaO2) and transcutaneous oxygen pressure (tcpO2) were
monitored during the challenge. Mch concentrations of 0.22, 0.66, 2.0, 6.0 and
18.0mg/ml were nebulised during tidal breathing. The challenge was terminated if there
was wheeze, SaO2 below 91% or persistent cough; this final Mch dose was considered as
PCW.
Nine healthy children, 17 with cough and 25 with wheeze performed the study up to the
point of PCW or all five Mch inhalations. If a change of 20% of predicted Rint or termination
by wheeze, desaturation or cough is taken as a completed test, then 39 out of 51 children
(78%) had adequate Rint measurements on each occasions from start to completion. The
success rate for tcpO2 measurements was similar: 38 out of 51 (76%) had complete tcpO2
data until a 15% fall of tcpO2 or clinical endpoint was reached. Using the above-mentioned
cut-off levels significant change in Rint or tcpO2 preceded PCW in most of the cases.
Both Rint and tcpO2 measurements may allow detection of bronchial hyper-responsiveness
at lower Mch doses and also provide a less subjective measure, but will not be feasible in
all children.
& 2007 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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Asthma and wheezing symptoms are extremely common
problems in young children. It has been recommended that
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asthma must be evaluated to plan appropriate treatment.1
Assessment of the airway structure and bronchial hyper-
reactivity (BHR) depends on a suitable lung function test for
that age group. Although several groups have assessed
feasibility of forced spirometry in pre-school children,2–5
there are limited reference values for this age group, and
reproducibility criteria have not been agreed. Young
children also struggle with the repeated measurements
needed during a challenge test. A number of techniques
such as interrupter resistance (Rint) measurement and
forced oscillation technique (FOT),6,7 have recently become
commercially available. These techniques only require
passive cooperation and have potential utility in repeated
lung function measurements in young children.
Some of these lung function tests have been shown to be
potentially useful to assess the response to methacholine
(Mch) challenge in young children.8–12 A recent study has
suggested that a tripling-dose protocol may be easier to
perform, cheaper and faster, yet just as safe as doubling-
dose protocol,13 and this was confirmed in a group of pre-
school children.14
The objectives of this study were to evaluate the utility of
interrupter resistance, transcutaneous oximetry and auscul-
tation as outcome measures for Mch challenge in pre-school
children.
Material and methods
Study subjects
We approached 155 pre-school children with chest symp-
toms who were attending the respiratory clinics in the
Sheffield Children’s Hospital. We excluded children with
congenital heart or lung problems, chronic lung disease of
prematurity, chest wall problems or significant neuro-
developmental problems. We offered the study to patients’
healthy siblings and sent adverts to kindergartens to find
healthy children.
Sixty-one children attended for study (50 chesty, 11
healthy). When tests were scheduled, parents were asked to
withhold any medication that could decrease airway
responsiveness as described in the American Thoracic
Society guidelines.15 Inhaled corticosteroids were permitted
for use as usual. Challenges were only carried out if the child
had been free of respiratory tract infection in the preceding
3 weeks and not wheezing at the time of challenge
commencement, and 4 children were excluded for this
reason, leaving 57 enrolled in the study.
The South Sheffield Research Ethics Committee approved
the study and written informed consent to take part was
obtained from the parents on behalf of their children.
Questionnaire
When attending the study, a questionnaire based on the
ISAAC core questions16 was completed by parents. Questions
about symptoms (wheeze, cough, ruttles, itchy rash, runny
nose or eyes), diagnosed asthma, eczema and hayfever, and
medication use were asked. Subjects who reported wheeze
during the previous year were classified as ‘‘wheezers’’(Group W). Children with recurrent or persistent cough (i.e.
with at least three coughing episodes in the last 6 months or
every day for 3 consecutive weeks) and with no wheeze
during the last 12 months were classified as ‘‘coughers’’
(Group C). Reported hayfever and eczema were considered
as atopic symptoms.
Baseline measurements
To monitor the response to the challenge we used arterial
oxygen saturation (SaO2) (Nellcor Symphony, Puritan Ben-
nett, UK) and transcutaneous oxygen pressure (tcpO2)
(TCM3, Radiometer, Denmark) measurements. The tcpO2
electrode was heated to 43 1C and calibrated (calibration
gas containing 20.9% O2 and 5% CO2) before it was placed on
the anterior chest wall. After a 15–20min equilibration
period, readings were taken manually every minute. Base-
line SaO2 and tcpO2 were calculated as means from the last
five measurements before initiation of the first Mch
inhalation.
Rint was assessed using a single MicroRint device (Micro
Medical, UK) throughout the study. Children were seated
and entertained with a video film to reduce their anxiety
and to prevent abnormal breathing. Measurements were
made using a cardboard mouthpiece with the nose clipped
and the cheeks supported. During normal and quiet breath-
ing, the interrupter valve was operated manually to
accustom the child to the shutter action. Thereafter, up to
10 interruptions were made on the peak flow of the
expiration. Interruptions occurred at random frequency so
that the child could not anticipate them.
Mch challenge
Details of the Mch challenge technique are given in a
previous paper.14 Briefly, we used 1-min tidal breathing
method with tripling concentration of Mch after a baseline
administration of isotonic saline. The Mch concentrations
used were 0.22, 0.66, 2.0, 6.0 and 18.0mg/ml delivered at
5min intervals. After each Mch inhalation, auscultation of
the trachea, upper lobes and lung bases was undertaken by a
doctor from the respiratory team after 1min, following
which Rint was measured. SaO2 and tcpO2 values were
recorded at 1min intervals. The lowest SaO2 and tcpO2
values were used after each Mch dose. The same doctor was
used for each individual patient throughout the procedure.
The challenge was considered positive and terminated if
audible wheeze was present over the trachea or chest, if
SaO2 fell below 91% for at least 10 s, or if the subject was
coughing persistently and unable to continue. We did not
use changes in Rint or in tcpO2 to stop a challenge. The final
Mch dose was considered as PCW (the provocative concen-
tration of Mch which induces audible wheeze or another
endpoint). After reaching PCW, subjects received 2.5mg of
nebulised salbutamol.
Data analysis
Before the analysis all mouth pressure graphs from MicroRint
were checked using RintCapture software. Tracings were
rejected if the mouth pressure–time curves were not of
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Figure 1 Mouth pressure graphs from a 5-year-old girl to show
differences during challenge. Mch concentrations are shown in
the graph, with corresponding Rint values on the right.
Methacholine challenge in pre-school children 2557consistent shape as described in detail by others.17–19 The
median of four or more acceptable readings was taken as a
measurement.
Baseline Rint (RintB) and maximal Rint after Mch (RintMax)
values were expressed as absolute values, percent predicted
and Z scores using age-based reference values.20 Change in
Rint after the challenge was considered significant if it
increased by more than 20% predicted Rint for age
21 and the
concentration at which this occurred was considered as
PCRint. Change in tcpO2 was assessed using a decrease of
greater than 15% from baseline as a cut-off level9 and the
concentration at which this occurred was considered as
PCtcpO2. In order to compare the results from different
challenges, Mch concentrations were expressed as number
of concentrations prior to the final one for a particular child
(i.e. final Mch, 1 dose before final Mch, 2 doses before final
Mch, etc.).
Analyses were performed with Statistica for Windows
software package version 5.1 (Statsoft Inc., Tulsa, OK, USA).
Values of po0.05 were considered statistically significant.
Results
Description of study subjects
We enrolled 57 children in the study, of whom six refused to
inhale Mch. Thus, 51 children completed the study, of whom
9 were healthy controls (Group H), 17 with cough (Group C)
and 25 with wheeze (Group W).
The mean (S.D.) age of the 51 children who completed
the Mch challenge was 4.7 (0.86) years with a range of
3.1–6.1 years, and height 107.5 (8.21) cm with a range of
91.5–122.8 cm. Further details of the individual group
characteristics have been published.14
PCW as an endpoint
Only one challenge (from Group C) was considered negative
(i.e. there was no wheeze or desaturation after all five Mch
concentrations). Two children refused to complete the
protocol before reaching the endpoints. The provocative
concentration for a child who did not respond even on the
last Mch dose was considered as 54mg/ml, and for those two
who refused to go on after 6mg/ml, the next concentration
(18mg/ml) was used. The distribution of provocative MchTable 1 Mean (S.D.) for RintB and RintMax in 39 children with c
Group H (n ¼ 5)
RintB
Actual Rint (kPa/l/s) 0.85 (0.16)
% Predicted 95.8 (21.7)
Z score 0.27 (0.97)
RintMax
Actual Rint (kPa/l/s) 1.48 (0.36)
% Predicted 167.8 (46.8)
Z score +2.12 (1.04)
Compared with age-based reference values.20concentrations by groups have been published14; the
geometric means of PCW for groups H, C and W were 2.88,
2.58 and 1.28mg/ml Mch, respectively.Rint data
From 51 children who had baseline Rint measurements and
started Mch challenge four children refused to undergo
repeated measurements of Rint during the challenge. A
number of mouth pressure graphs during the challenge had
values higher than the pressure limit of the transducer and
could not be used; therefore, we lost some Rint measure-
ments after Mch inhalations. In 33 (65%) children all
measurements until reaching PCW were acceptable. If a
change of 20% of predicted Rint or termination by wheeze,
desaturation or cough is taken as a completed test, then 39
out of 51 (78%) had adequate Rint measurements on each
occasion from start to completion. RintB and RintMax values
for those children by groups are presented in Table 1.
In 21 children RintMax occurred after the final Mch dose.
Of the 18 children with RintMax prior to final dose, 14 had a
subsequent measurable Rint, which fell by a mean of
0.17 kPa/l/s (95% CI 0.09, 0.25). An example of changes in
the mouth pressure versus time curves and corresponding
Rint values obtained from a 5-year-old girl after baseline and
3 Mch doses is shown in Figure 1.
Cumulative numbers of children who would have had a
positive test using 20% increase from predicted Rint as anomplete measurements.
Group C (n ¼ 15) Group W (n ¼ 19)
0.89 (0.14) 0.90 (0.23)
107.3 (17.6) 105.9 (22.3)
+0.24 (0.75) +0.16 (0.88)
1.46 (0.48) 1.46 (0.32)
177.3 (64.5) 173.0 (35.2)
+2.28 (1.17) +2.27 (0.89)
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Table 2 Number of children reaching Rint and tcpO2 endpoints in relation to the final Mch dose.

Endpoint Cumulative number of children who reached endpoint at
4 doses before
final Mch
3 doses before
final Mch
2 doses before
final Mch
1 dose before
final Mch
Final Mch
Increase in RintX20% from
predicted (n ¼ 39)
1 2 20 31 38
Decrease in tcpO2X15% from
baseline (n ¼ 38)
0 2 13 29 36
The final Mch dose was the dose at which the child developed wheeze, SaO2o91% or persistent cough, and was considered as PCW.
Table 3 Proportion of children able to complete an Mch
challenge using Rint or tcpO2 measurements.
No. of
children
% of eligible
children
Suitable for Mch challenge 57 100
Underwent Mch challenge
with PCW
51 89.5
In addition had complete data on
Rint and tcpO2 30 52.6
Only Rint 9 15.8
Only tcpO2 8 14.1
No Rint, no tcpO2 4 7.0
Table 4 Concordance of PCRint
 and PCtcpO2 in 30
children who had complete data for both measurements.
PCtcpO2 (mg/ml) PCRint (mg/ml)
0.22 0.66 2 6 No change
0.22 7 3 – – 1
0.66 7 4 1 – –
2 2 3 – – –
6 – – – – –
No change 1 1 – – –
PCRint and PCtcpO2 were the provocative concentrations
causing an increase by more than 20% predicted Rint for age
and a decrease of more than 15% from baseline tcpO2,
respectively.
J. Kivastik et al.2558endpoint are presented in Table 2. The one child who had a
negative challenge using PCW would have had a positive
result if change in Rint would have been used as an endpoint.
tcpO2 data
Seven children refused tcpO2 measurements from the
beginning and in some cases there were technical problems
during the challenge, leaving 38/51 (76%) with complete
tcpO2 data until a 15% fall of tcpO2 or clinical endpoint was
reached. Mean tcpO2 (S.D.) for the 38 children at baseline
was 10.07 (2.05) kPa and after the last Mch 6.84 (1.94) kPa.
In 30 children the tcpO2 values consistently decreased, but
in eight children an increase was also observed during the
challenge. None of the increases were significant using the
15% cut-off. Cumulative numbers of children who would
have been positive using the 15% cut-off are presented in
Table 2. The one child who had a negative challenge using
PCW would have been positive if 15% decrease in tcpO2 was
used as a cut-off.
The proportion of children with complete data on Rint and
tcpO2 are shown in Table 3. Thirty children (53%) had
complete data on both parameters, and the concordance of
PCRint and PCtcpO2 is shown in Table 4.
Discussion
To the best of our knowledge, this is the first study based on
a tripling dose Mch protocol in pre-school children. While we
were limited in the number of healthy children we were able
to recruit to the study, this does not affect our assessment of
the different outcome measures in challenge testing. When
comparing success rates of different endpoints assessing
PCW with no cooperation on the child’s part had the highest
success rate (51 out of 57 children). Our success rates in
getting complete tcpO2 data compared to getting complete
Rint data were close (38 with tcpO2 data versus 39 with Rint
data).
Feasibility of Rint measurements
The interrupter technique is based on the assumption that,
when the airway is suddenly closed, the pressure at mouth
equilibrates with alveolar pressure. Rint can be calculated
from airflow measured immediately before closing and from
airway pressure measured immediately after closing. It hasbeen shown that Rint measurements in young children have
differed notably with the different methods used.8,11
Several recent studies have presented reference values for
Rint measured using commercial devices.
18,20,22,23 We
decided to use data from McKenzie et al., because their
specifications of the equipment, measurement procedures
and study population were closest to ours. Our baseline Rint
data are comparable to these age-based reference values
(Table 1), although statistical comparison was limited by the
small size of the healthy control group.
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interruptions for a measurement.18,19,24,25 The reliability
coefficients have been calculated to describe the within-
subject stability of average Rint values after 1–10 interrup-
tions. The reliability coefficient for four interruptions was
found to be 0.975, increasing to 0.98 for five interruptions
and 0.99 for 10 interruptions.19 Therefore, we decided to
include also data from those eight children who only had
four acceptable interruptions after one of the Mch inhala-
tions. It should be emphasised that five successful interrup-
tions could easily be obtained from most of the pre-school
children during baseline or post-bronchodilator measure-
ments, but the time limitation during provocation testing
and the pressure limitations of the equipment can make it
difficult in some children who bronchoconstrict during
challenge.
Feasibility of Rint measurements depends on the age of
the children and also on how many measurements are
needed. In 17 children (aged 3–4 years) in whom two
repetitive efforts were made, at least one successful
measurement was possible in 15 (88%) of the children and
two successful measurements in 7 (41%) of the children.19 In
another study using Rint in reversibility testing the success
rates for completion baseline measurement were also
slightly higher than for measurements after bronchodilation
(53%, 71% and 91% for ages 2–3, 3–4 and 4–5 years,
respectively).17
In our study, the success rate for baseline Rint measure-
ments was 51/57 (89%). If we take a rise of 20% from
predicted Rint or the presence of wheeze, desaturation or
severe cough as an endpoint in testing, then 39 out of 57
(68%) children (76% of those completing baseline measure-
ments) would have managed a successful challenge to
endpoint.
We found only one study using repetitive measurements
of forced spirometry during Mch testing in pre-school
children and their success rates were comparable to ours:
86% completing PCW and 66% completing repetitive spiro-
metry.26Changes in Rint during bronchial obstruction
Histamine and Mch bronchoprovocation tests have been
studied in children of 2–5 years using different objective
measurements.8,10–12,24 It has been stated that pressure
equilibration between alveoli and mouth can be incomplete
in case of severe airway obstruction and that can be a
limitation of the model on which Rint is based.
8,27 This could
also be one of the reasons why FOT or impulse oscillometry
(IOS) parameters have been found to be more sensitive than
Rint in assessing changes in lung function during broncho-
provocation testing.10 Unlike others who showed that Rint
could not detect the bronchial response to Mch at the
submaximal concentrations,28 we could see gradual rise in
Rint values during the challenge in most of the children.
No agreement has been reached on how to assess the
significance of the change in airway resistance after
challenge. Either 30–40% increase from baseline,24,28 or
20% increase from predicted Rint
21 has been used as a
significant change. Using the last of the abovementionedcut-off levels, significant change in Rint preceded PCW in
most of the cases (Table 2).
Rint versus tcpO2
Several studies have compared changes in tcpO2 and in
respiratory system resistance, and found the tcpO2 method
to be more reliable in pre-school children than other
measurements8–11 and suggested tcpO2 to be used as the
only indicator of a bronchial reaction.29 However, incon-
sistency in tcpO2 measurements has also been reported.
30
Discrepancies between tcpO2 and resistance to airflow have
been related to different variability of these measure-
ments8–10,28 and to different physiological mechanism, as
increased resistance reflects mostly central airway obstruc-
tion, whereas a fall in tcpO2 is thought to reflect ventila-
tion/perfusion ratio inequality, and therefore, can be
influenced by a variable breathing pattern.11
Unfortunately, our device did not allow continuous
recording of tcpO2 changes. We used mean value from
5min for baseline tcpO2 and a minimum value for each Mch
dose. Use of the lowest value at the second or third minute
after Mch inhalation has been also reported before,9,11
whereas others have used median value from 5min record-
ings after Mch inhalation.10
Disadvantages of tcpO2 recording were a long equilibra-
tion time and that some children did not like the heated
electrode. Once more we met a lack of standardized cut-off
limits to define a significant change; with the three limits we
used, we had less significant changes with tcpO2 than with
Rint (Table 2). Therefore, our study did not support the
‘‘superiority’’ of tcpO2 recording over Rint measurements.
Whereas baseline measurements of Rint are obtainable in
most 3–5 years old children, some of them can refuse
repeated measurements during Mch challenge. Many mouth
pressure graphs from children with airway obstruction
cannot be used because of the pressure limit of the
transducer. However, significant increases in airway resis-
tance can be objectively assessed with Rint measurements in
pre-school children.
Comparing three outcome measures
The advantage of using several endpoints to assess bronchial
reactivity in pre-school children is that they may allow
termination of the test at an earlier point in airway
obstruction than PCW, and also provide a less subjective
measure. The recently described addition of sonographic
analysis31 to the technique of PCW may improve the
sensitivity and objectivity of this method. Although only a
small minority of children reached PCW without a significant
change in tcpO2 or Rint, the bigger potential disadvantage of
relying on only one of the latter endpoints is that more
children will fail to complete the challenge satisfactorily.
However, it is important to ensure that the endpoints are
measuring the same physiological change, and it is worrying
that the concordance between PCW and PCRint or PCtcpO2
varied from 0 to 4 tripling doses. Concordance between
PCRint and PCtcpO2 was somewhat better, although these
results were from a more selective group. In clinical use it
may be helpful to have several endpoints, although this may
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difficult. For research use it is probably necessary to choose
a single endpoint. In either situation, PCW has the
advantage of being a clear clinical endpoint with the highest
rate of subject compliance, despite its disadvantages.
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